Abstract Reduced activation ferritic/martensitic steel (RAFM) is recognized as the primary candidate structural material for ITER's test blanket module (TBM). To provide a material and property database for the design and fabrication of the Chinese helium cooled ceramic breeding TBM (CN HCCB TBM), a type of RAFM steel named CLF-1 was developed and characterized at the Southwestern Institute of Physics (SWIP), China. In this paper, the R&D status of CLF-1 steel and the technical issues in using CLF-1 steel to manufacture CN HCCB TBM were reviewed, including the steel manufacture and different welding technologies. Several kinds of property data have been obtained for its application to the design of the ITER TBM.
Introduction
ITER will play a very important role in the first integrated blanket tests in a fusion environment. Some related technologies to the key performance of the Demonstration Power Plant reactor (DEMO) blanket, such as tritium self-sufficiency, extraction of high-grade heat, design criteria, safety requirements, and environmental impacts will be demonstrated in ITER's test blanket modules (TBMs) [1] . China is implementing the TBM design and an R&D plan based on the Chinese development strategy for fusion DEMO [2] . A heliumcooled ceramic breeder (HCCB) with the pebble bed concept was selected as the Chinese TBM [3] . Because of its good thermo-physical and mechanical properties, low sensitivity to radiation-induced swelling and helium embrittlement under (fission) neutron irradiation, and good compatibility with major cooling and breeding materials [4] , reduced activation ferritic/martensitic (RAFM) steel is recognized as the structural material of the ITER TBM [5] . To provide a material and property database for the design and fabrication of the CN HCCB TBM, a new type of RAFM steel, CLF-1 [6] , was developed and characterized at the Southwestern Institute of Physics (SWIP).
The design and performance analysis as well as the drafting of the design description document (DDD) of the CN HCCB TBM have been completed, while the manufacture of a 1/3 size mock-up of the CN HCCB TBM has begun. Now one of the critical issues for the manufacturing is the structural material development, including the material production at a large scale, the establishment of the material property databases for the design process, and the optimization of welding technologies. As a promising structural material for the CN HCCB TBM, CLF-1 steel has been studied for several years, with the main focuses on steel development and database establishment. In this paper, the R&D status of CLF-1 steel is reviewed to identify the critical technical issues for the fabrication of the CN HCCB TBM.
CLF-1 steel for CN HCCB TBM
LF-1 steel has been in development since 2003, starting from small heats of 5∼25 kg used to determine a proper chemical composition and to improve mechanical properties by optimizing the smelting technologies and heat treatment. Processing technologies such as smelting, forging, and rolling have been developed for CLF-1 steel. The correlation between alloy composition, processing procedures, heat treatment, microstructure, and the resulting mechanical properties has been widely studied. Based on these research results, the chemical composition of CLF-1 steel was finalized as Fe-8.5Cr-1.5W-0.25V-0.5Mn-0.1Ta-0.1C (wt.%) with additional 0.025 wt.% N to enhance the thermal stability of its microstructural and mechanical properties.
It was found that the smelting processes strongly influenced the microstructural and mechanical properties of CLF-1 steel [7] . Compared with the CLF-1 steel made by vacuum induction melting (VIM) only, the steel made by VIM and consumable electrode re-melting (CER) exhibited slightly higher tensile strength, smaller minimum creep rate, and markedly longer times to rupture due to the different precipitate structure. For the smelting techniques of larger heats of CLF-1 steel, a consumable electrode re-melting method is necessary because it causes a uniform distribution of chemical composition, reduces segregation, and, especially, produces proper precipitations, which could dramatically improve its mechanical properties.
A 1-ton ingot of CLF-1 steel was produced by using VIM and CER. With high pure raw materials and good control of the melting process, such as the adoption of clean steel-making technologies, the radiological undesirable trace elements in the CLF-1 steel were kept at a low level to reduce their effects on the activation characteristics of the material. According to the structure of the TBM, the ingot was hot forged and hot rolled into plates in different thicknesses to satisfy the needs for the manufacture of the 1/3 size module of the CN HCCB TBM.
The heat treatment of the plates consists of normalization and subsequent tempering. The normalization mainly determines the prior austenite grain size and solid solution strengthening effect in relation with their mechanical properties. Several researchers [8] reported that the properties of RAFM steels, especially the irradiation hardening, depended strongly on tempering conditions. With the increase of tempering temperature, the evolution of the microstructure is martensite recovery, carbide precipitation, carbide growth, recrystallization, and phase change. To get the best trade-off between strength and ductility, the heat treatment for all of the CLF-1 plates in the as-received state was finalized as a normalization at 980
• C for 45 min (actual time depends on plate thickness), followed by air cooling and then tempering at 740
• C for 90 min [9] .
CLF-1 databases to support the design of the CN HCCB TBM
The CLF-1 steel in the normalized and tempered state exhibits fully martensitic microstructures, with thin laths of 300±100 nm width, an equiaxed prior austenitic grain size of 14 µm, and fine carbides, as shown in Fig. 1 . The identification of the carbides by TEM and X-ray diffraction measurements made on the extracted precipitates showed that spherical M23C6 carbides are distributed along the lath boundaries and prior austenitic grain boundaries, and there are MX (M=Ta, V; X=C, N) type precipitates in the bulk of the martensitic lathes. A dislocation network was also found in the martensitic lathes, and neither a Laves phase nor delta ferrite phases were detected. The thermal-physical properties of the RAFM steel are required for the design of the TBM, considering the thermo-mechanical loading due to the exposure to a high heat flux and the heat transfer function of the TBM. Current data on thermal diffusivity, thermal conductivity, and linear expansion coefficient of 1-ton CLF-1 steel are available. The thermal conductivity, linear expansion coefficient, and thermal diffusivity of CLF-1 steel at 300
• C were evaluated to be 30.8 (W/m · • C), 12.1×10 −6 / • C and 6.77×10 −6 m 2 /s, respectively. RAFM steel, which is ferromagnetic and will be used under strong magnetic field, may induce mechanical loading by an electro-magnetic force and magnetic ripple that is harmful for the plasma control. The electric conductivity and magnetic permeability at room temperature were thus evaluated, which are 3.576×10 6 S/m and 2.9 mH/m, respectively. Most of these physical properties are similar to those of other RAFM steels [10, 11] . The mechanical properties of 1-ton CLF-1 steel including tensile and impact were evaluated. The tensile properties were tested using both standard specimens with a gauge dimension of ϕ5 mm×25 mm and miniature ones with a gauge section of 5 mm×1.2 mm×0.25 mm. The ultimate tensile strength (UTS) and total elongation (TE) are shown in Fig. 2 . It can be seen that the specimen size effects on the tensile strength appear quite small, the UTS at room temperature and 500
• C was about 680 MPa and 450 MPa, respectively, and are comparable to those of F82H [10] and Eurofer97 [11] . The differences of the total elongation between standard specimens and miniature specimens may be due to the difference in the stiffness of the samples where the standard samples are more able to resist plastic deformation, especially after uniform deformation. The ductile-to-brittle transition temperature (DBTT) is derived from the impact property test using standard V-notch specimens in dimensions of 10 mm×10 mm×55 mm with a 2 mm deep 45
• angle V-notch and a 0.25 mm root radius, which are aligned parallel to the hot-forged direction. Charpy tests were conducted in the range from room temperature to 77 K, where the upper shelf energy (USE) and lower shelf energy (LSE) are about 280 J and 25 J, respectively. The DBTT was evaluated in terms of half of the sum of USE and LSE, and it was about −75
• C, which is comparable to the values of −70
• C for Eurofer97 in the as-received condition (980
• C 27 min +760
• C 90 min) and −50
• C for F82H in the as-received condition (1040
• C 30 min +750
• C 60 min) [11] . The thermal ageing effect on the microstructural and mechanical properties was studied using a smaller ingot of CLF-1 steel (350 kg). No obvious degradation in tensile properties but a slightly DBTT shift of about 5
• C and 10
• C in impact properties have been observed after thermal ageing for up to 6000 h at 550
• C and 600
Microstructural observation results show that thermal ageing strongly affects precipitation behaviors, specifically, M23C6 carbides coarsen and agglomerate along the lath boundaries and prior austenitic grain boundaries, but no obvious increase of the MX-type precipitates are observed. The coarsening and agglomeration of M23C6 seem to be the reason for the deterioration of impact properties after long-term thermal ageing [12] . The displacement damage and helium production under neutron irradiation are critical subjects for the RAFMs, and extensive experimental data will be needed to get a full understanding of fusion neutron irradiation behaviors. A neutron irradiation campaign has been planned by SWIP and the irradiation experiments will be performed in the High Flux Engineering Test Reactor (HFETR) in China. In 2013, the target dose level for the irradiation is up to 1 dpa and the nominal irradiation temperature is 300
• C. The irradiated materials are CLF-1 steel with different size samples for mechanical property testing and microstructural observation, including miniature tensile, Charpy-V impact, pre-cracked Charpy-V specimens, and TEM specimens.
Technical issues for TBM fabrication
Welding is an inevitable procedure for the fabrication of a TBM and several welding processes are chosen as the fabrication techniques, including hot isostatic pressing (HIP), electron beam welding (EB), and tungsten inert gas welding (TIG). According to the structural design of CN HCCB TBM [1∼3] , the most difficult process is the manufacture of the U-shape first wall, which has an overall thickness of 35 mm including coolant channels and a 3 mm thickness front wall. HIP is the most promising technology for the front wall joining process and manufacture of the sub-module. EB welding will be applied to the fabrication of the sub-module and the joining of the grids, as well as the joining of the thickplates and pipes of the back system, while TIG welding is mainly used for the joining of the sheets and pipes of the back system. The weldability of CLF-1 steel using different welding methods has been investigated.
HIP joining was performed on discs with a diameter of 120 mm and a thickness of 35 mm, which were machined with a surface roughness of about 1.8 µm. The discs were HIPed for 2 h at 150 MPa at different temperature from 1000
• C to 1150 • C. After joining, all of the discs received post-welding heat treatment (PWHT), which was the same as the heat treatment for the base metal, normalization at 980
• C for 45 min, air cooling, and then tempering at 740
• C for 90 min, to recovery the tempered martensitic microstructure. The tensile test results are given in Table 1 . It is found that the temperature has the most obvious influence on the HIP joints. The steel could hardly be joined together when the HIP temperature was lower than 1000
• C. With the increase of the HIP temperature, the tensile strength of the joints increased but ruptures occurred at the joints when the temperature was higher than 1050
• C. The experimental results show that to get high quality HIP joints, the parameters should be chosen as lower than 3.2 µm surface roughness and conducted at 150 MPa for 2 h around 1050
• C. TIG welding and EB welding were performed on 15 mm plates. The macrostructure of the welds showed that three zones could be distinguished: molten zone (MZ), heat-affected zone (HAZ), and matrix. The weld bead volume of TIG welding is much larger than that of EB welding, which could be preferable for the thickplate welding. The long section for the mechanical properties test contained all three zones of welds. Microhardness was measured across the joints and the results showed hardening in the MZ and softening in the HAZ in the welds. After welding, the tensile strength is rather high, up to 720 MPa in the TIG-welds, compared with that of 670 MPa in the steel in the as-received state. On the other hand, the total elongation and the impact properties of the TIG-welds are much worse, as shown in Table 2 . So a PWHT is required to improve the mechanical properties of the welds. The PWHT effect on the tensile and impact properties in the TIGwelds is shown in Table 1 , from which it can be seen that with the increase of the PWHT temperature, the tensile strength decreases but the total elongation and the impact absorbed energy increase. PWHT at 740
• C for 3 h, which is the same as the tempering temperature of the base metal, results in the best mechanical properties in the welds. Although the tensile strength is about 40 MPa lower than that of 670 MPa of base metal, the total elongation and the impact absorbed energy is closer to the base metal. The same PWHT process is also necessary for the EB welds. Both the TIG and EB welding showed that preheating before welding was not necessary because the steel was not sensitive to cracking based on the non-destructive testing results. Currently these joining techniques are being carried out on the different size plates and on the joining for the plates and pipes to make the joining techniques applicable for TBM manufacture.
Summary
The R&D status of CLF-1 steel was reviewed to identify the critical technical issues for the fabrication of CN HCCB TBM. A 1 ton ingot has been produced and different sized plates were obtained according to the design requirement of the TBM. The diffusion process of HIP was considered to be the main manufacturing technique for the TBM, and fusion-welding methods such as TIG and EB are used for assembling the main parts. It was found from the study of manufacturing techniques that post-welding heat treatments are necessary for all the welding techniques. Various mechanical and physical properties data have been accumulated. 
